We investigate polarized deuteron structure functions at small values of the Bjorken variable, x < 0
I. INTRODUCTION
In recent years polarized deep-inelastic scattering experiments have become a major topic at all high energy lepton beam facilities. They aim primarily at the investigation of the spin structure of hadrons. Here the use of proton targets has led to detailed information about the spin structure function g p 1 . In addition the corresponding neutron structure function g n 1 has been explored. Combined with proton data the latter is crucial for the extraction of the flavor singlet combination of polarized quark distributions, and for testing the fundamental Bjorken sum rule.
To investigate neutron structure functions nuclear targets are needed. In current experiments at CERN [1] , SLAC [2, 3] and HERMES [4] , 3 He and deuteron targets are used. For an accurate extraction of neutron structure functions a detailed knowledge of nuclear effects is therefore required. At moderate and large values of the Bjorken variable, x > 0.2, such effects can be traced back to nuclear binding and Fermi motion (see e.g. [5] and references therein). At small x < 0.1 corrections due to coherent multiple scattering processes become important. In unpolarized deep-inelastic scattering these are responsible for nuclear shadowing which has been established in recent experiments at FNAL [6, 7] and CERN [8] as a leading twist effect.
In this paper we study polarized deep-inelastic scattering from deuterium at small x. Important contributions to the corresponding cross section come from mechanisms in which the exchanged virtual photon scatters diffractively from one of the nucleons in the target and produces hadronic intermediate states which subsequently interact with the second nucleon. Coherent double scattering is described by the Glauber-Gribov multiple scattering theory which we extend in the present work to include spin degrees of freedom.
We estimate shadowing effects in the deuteron spin structure function g d 1 .
The corrections thus obtained turn out to be approximately a factor 2-3 larger than those for the unpolarized structure function F d 2 . Nevertheless, as compared to other uncertainties in the extraction of g n 1 from deuteron data, these corrections are relatively small.
Because of its spin-1 nature the deuteron is characterized by additional structure functions as compared to a free nucleon. Amongst those the yet unmeasured structure function b 1 [9] [10] [11] will be investigated at HERMES [12] . Model calculations suggest that b 1 is very small at moderate and large x > 0.2 (see e.g. [13] ). At small x < 0.1 dominant contributions to b 1 result from coherent double scattering processes. Here the magnitude of b 1 might reach up to 10% of the unpolarized nucleon structure function F N 1 . We emphasize that this interesting effect is entirely due to the D-state component in the deuteron wave function.
First investigations of double scattering contributions to polarized deuteron structure functions have been performed in [14] within a Regge model. However, in that work an unrealistic deuteron wave function has been used neglecting the D-state component. At x < 0.1 the latter turns out to be crucial for a proper estimate of the structure function b 1 as found in [15, 16] (see also [17, 18] ). Shadowing effects for spin structure functions have been discussed recently within the framework of a simple model, especially for 3 He targets [19] . The magnitude of the observed effect agrees well with the results presented here. This paper is organized as follows: in Sec.II we recall the relationship between structure functions and photon helicity amplitudes. An extension of the Glauber-Gribov multiple scattering series to spin degrees of freedom is presented in Sec.III, where we also derive the single and double scattering contributions to deuteron structure functions. In Sec.IV we estimate shadowing effects in the spin structure function g d 1 and discuss implications for the extraction of the neutron structure function g n 1 . Results for b 1 are presented in Sec.V. We summarize in Sec.VI.
II. STRUCTURE FUNCTIONS AND HELICITY AMPLITUDES
In inclusive deep-inelastic lepton scattering one probes the hadronic tensor
of the target. Here J µ is the electromagnetic current. The four-momenta of the target and the exchanged photon are labeled by p µ and q µ = (q 0 , q), respectively. The spin vector s µ is orthogonal to the target momentum, p·s = 0, and normalized such that
T , where M T is the invariant mass of the target. For a spin-1/2 target s µ directly represents the target polarization, while for a spin-1 target it is defined in terms of the polarization vectors E H as
δ , where H = 0, +1, −1 (abbreviated as 0, +, −) denotes the spin projection along the quantization axis.
According to the optical theorem inclusive deep-inelastic lepton scattering can be described in terms of the forward scattering of a virtual photon. The corresponding Compton amplitude is given by:
A comparison with Eq.(1) gives:
Using the Compton tensor one can define photon-target forward helicity amplitudes ( Fig.1) :
with the electromagnetic coupling e 2 /4π = 1/137. The helicities of the incoming and scattered photon are labeled by j and j ′ . Choosing the photon momentum in the longitudinal direction, q µ = (q 0 , 0 ⊥ , q z ) with q z > 0, gives for the photon polarization vectors ε
Furthermore H and H ′ specify the target helicities before and after the interaction. Lorentz covariance, parity and time reversal invariance, hermiticity and current conservation imply that the hadronic tensor of the free nucleon is expressed in terms of four structure functions F 1 We use the notation x T for the Bjorken variable of a target nucleus, while x denotes that of the nucleon as usual, i.e. x =
in the lab frame.
With the nucleon helicities H, H ′ = +, − =↑, ↓ we obtain from Eqs. (3, 4, 5) for the spinaveraged structure functions:
and for the spin-dependent ones:
Here κ N = 1 + M 2 Q 2 /ν 2 with the nucleon mass M. For deuterium, as for any spin-1 target, the hadronic tensor has eight structure functions. Four of them are proportional to Lorentz structures as found for free nucleons (5) . Of the remaining structure functions b 1 , b 2 ,∆ and b 3 , the first three occur at leading twist while b 3 is suppressed at large Q 2 [9, 11] :
Here we use
2 and omit the spin indices H in the deuteron polarization vector E. The relations between helicity amplitudes and structure functions are obtained again from Eqs. (3, 4, 7) :
The scaling property of the structure functions (8) requires that the amplitudes A
III. DEEP-INELASTIC SCATTERING FROM DEUTERONS AT SMALL x
From the previous discussion we find that in the scaling limit, which we use throughout, the structure functions F 
In the single scattering term the photon interacts incoherently with the proton or neutron of the target. The double scattering term involves interactions in which both nucleons take part. In the following we derive the corresponding amplitudes extending the Glauber-Gribov multiple scattering theory [20] [21] [22] to include spin degrees of freedom.
A. Single scattering
We first focus on single scattering contributions to the structure functions F 
We describe the scattering process in the laboratory frame where the deuteron with fourmomentum p
is at rest. The integration in (10) runs over the momentum p µ = (p 0 , p) of the interacting nucleon. The polarization vectors of the transverse photon and the deuteron are denoted by ε + and E H , respectively. All information about deuteron structure is absorbed in the vertex functions Γ, such that the free proton and neutron propagators remain. The interaction of the photon with the bound nucleon is described by the reduced amplitudet γ * N which is related to the physical photon-nucleon forward scattering amplitudes in (6) as follows:
Here u(p, h) is the Dirac spinor of a nucleon with momentum p and helicity h. One can perform the energy integration in (10) assuming that all relevant poles are included in the nucleon propagators. We neglect modifications of the individual nucleon amplitudes A γ * N due to nuclear binding and Fermi motion. They are relevant only at moderate and large x (see e.g. [5, 23] ), whereas our primary interest in this paper is the region x < 0.1. Next we perform a non-relativistic expansion of the nucleon propagators in (10), keeping only the leading terms in |p|/M. In the non-relativistic limit we identify the vertex functions Γ with non-relativistic deuteron wave functions ψ H . We find (for details see Appendix VII A):
The operators P N ↑(↓) act on the deuteron wave function and project onto a proton or neutron with helicity + or −. The coordinate-space wave function of the deuteron is:
whereŜ 12 (r) = 3(σ p · r)(σ n · r)/r 2 − σ p · σ n is the tensor operator with r = |r|, and χ H denotes the spin wave function of the triplet proton-neutron pair. The deuteron S-and Dstate components are determined by the radial wave functions u and v, respectively. They are normalized according to
Inserting the deuteron wave function in Eq. (12) and working out the projection operators for the different deuteron polarizations, one finds:
With Eqs. (6, 8) the single scattering contributions to the deuteron structure functions become:
and we end up with the incoherent sum of the corresponding proton and neutron structure functions. The polarized structure function g d 1 includes the depolarization factor (1−3ω D /2). It accounts for the fact that the deuteron and the interacting nucleon can be polarized in opposite directions if the deuteron is in a D−state. Note that b 1 vanishes for single scattering since there is no such structure function for the individual spin-1/2 particles.
B. Double scattering
At small values of the Bjorken variable, x < 0.1, double scattering contributes significantly to photon-deuteron Compton scattering and consequently to deuteron structure functions. In this process the virtual photon diffractively produces a hadronic intermediate state on the first nucleon, which subsequently interacts with the second nucleon. In the case of unpolarized scattering destructive interference of the single and double scattering amplitudes leads to the observed nuclear shadowing (see e.g. [24] ).
The helicity dependent double scattering amplitude (see Fig.2b ) reads:
Here p denotes the four-momentum of the first interacting nucleon and k the momentum transfer. The sum is taken over all diffractively excited hadronic states X which carry photon quantum numbers, an invariant mass M X and a four-momentum p X = q − k. Their contributions to double scattering are determined by the reduced amplitudest γ * N →XN which are related to the diffractive (virtual) photoproduction amplitudes of hadronic states X from nucleons by:
where ε X+ denotes the transverse polarization vector of the produced hadronic intermediate states. We choose the photon momentum in the longitudinal direction, q µ = (q 0 , 0 ⊥ , q 2 0 + Q 2 ). As in single scattering we perform the energy integration in (16) assuming that all relevant poles are in the propagators. We then take into account only the leading non-relativistic contribution to A (2) . Furthermore we assume that the diffractive amplitudest depend on the transverse momentum transfer only, and that they are approximately constant on the scale of typical momenta of bound nucleons. Following the steps given in Appendix VII B this leads to:
Here the amplitudes for the production of hadronic intermediate states in the forward direction, T N X ≡ T N X (k ≈ 0), enter. In analogy with hadron-hadron high-energy collisions [25] the real part of diffractive production amplitudes is supposed to be small. We therefore use in the following T N X ≈ iIm T N X . For the double scattering contribution to be significant, the longitudinal propagation length
of a diffractively excited hadron must exceed the size of the deuteron target, d = r [21, 24, 26] ). Hence the condition λ > d is fulfilled for x < 0.03 in agreement with the observed shadowing effect in unpolarized deep-inelastic scattering [6] [7] [8] .
The double scattering amplitude A (2) involves the helicity dependent longitudinal deuteron form factor:
In terms of the S-and D-state wave functions (13) one finds:
while the unpolarized form factor F = (F 0 + F + + F − )/3 reads:
In Fig.3 the different form factors are shown using realistic deuteron wave functions as obtained from the Paris [27] and Bonn [28] nucleon-nucleon potentials. We observe a significant dependence of F H on the deuteron polarization. Furthermore we find F H ≈ constant for λ > r 
In combination with Eq. (8) we then obtain the double scattering corrections to all deuteron structure functions. For the unpolarized structure function F 
If we ignore the isospin and spin dependent combinations proportional to
we arrive at the well known result [21] 
written in terms of the forward diffractive hadron production cross section in the collision of transverse virtual photons with nucleons at t = (p X − q) 2 ≈ 0. The individual helicity dependent diffractive cross sections are:
In Sec.IV we investigate all terms of Eq. (26) as they contribute to δF 1 within a simple model. The corrections to the conventional result, Eq. (28), turn out to be small indeed. In Fig.4 we present the shadowing correction for the unpolarized structure function
as measured by the E665 collaboration [6] . At x ≪ 0.1 one finds δF 2 /2F
with admittedly large experimental errors. For later estimates of double scattering effects in deuteron spin structure functions we use the shown fit to the data. Corresponding theoretical calculations can be found for example in Ref. [29] .
For the polarized structure function g 
If one assumes that spin averaged diffractive amplitudes are equal for protons and neutrons, i.e. T pX
+↓ , the third and fourth terms in Eq. (31) vanish. In Regge phenomenology this is guaranteed by the isospin independent pomeron exchange which dominates diffraction at small x (see e.g. [30] ). We then end up with:
Now the difference of the helicity dependent diffractive production cross sections enters, whereas the unpolarized case, Eq. (28), involves the sum of both. Finally we study the structure function b 1 which does not receive contributions from single scattering as long as nuclear binding and Fermi motion are neglected. Here double scattering gives:
With the approximations (27) we obtain:
and observe that b 1 is proportional to the difference of the deuteron form factors for transverse and longitudinal target polarizations. This contribution is driven by the deuteron D-state as can be seen from Eqs. (21, 22) . Note that it implies a violation of the quark model sum rule
which has been discussed in Ref. [31] .
Shadowing in the deuteron spin structure function g d 1 is proportional to the difference of polarized diffractive virtual photoproduction cross sections, see Eq.(32). These quantities are not measured up to now. Nevertheless it is possible to estimate the shadowing correction δg 1 to an accuracy which is sufficient for the extraction of the neutron structure function g n 1 from recent experimental data [1, 3] . In the kinematic region of current experiments it is legitimate to neglect nuclear binding and Fermi motion corrections [23] . To leading order in the shadowing correction δg 1 /δg N 1 one then obtains:
Recent fixed target experiments find |g
The sensitivity of g n 1 to uncertainties in the nuclear depolarization or shadowing is therefore suppressed. Note that in this respect the use of 3 He targets is expected to be less favourable [19] .
A. Upper limit for shadowing in g d
1
An upper limit for shadowing in g d 1 can be obtained by directly comparing δg 1 and δF 1 in terms of the photon-deuteron helicity amplitudes (25, 30) . Note that at small x their imaginary parts have the same sign. The reason is that at x ≪ 0.1 large values of the coherence length are relevant (see Eq. (19)). For λ > 4 f m the longitudinal deuteron form factors (20) which enter in Eq. (24) are all positive. We can then apply the Schwartz inequality
and obtain:
Given the E665 data on Fig.4 we conclude from Eqs.(36,38) that uncertainties due to the shadowing correction δg 1 are small. They are within the experimental errors of recent data analyses [1, 3] . However, once accurate data for g (38) is not helpful anymore due to the strong rise of F N 1 at small x (see e.g. [32] ).
B. Model calculation
In this section we investigate double scattering contributions to deuteron structure functions in the framework of a simple model. In a laboratory frame description of deep-inelastic scattering at small x ≪ 0.1, the exchanged virtual photon first converts to a hadronic state X which then interacts with the target. In this kinematic region the photon-nucleon helicity amplitudes A γ * N +h can be described by hadron-nucleon amplitudes averaged over all hadronic states present in the photon wave function. Here hadronic states with invariant mass M 2 X ∼ Q 2 dominate as one can find from a spectral analysis of photon-nucleon amplitudes (e.g. [21, 24, 26] ). We therefore approximate the photon-nucleon helicity amplitudes by effective hadron-nucleon amplitudes A XN +h which depend weakly on kinematic parameters, times a factor which incorporates the leading Q 2 -dependence:
In the case of unpolarized scattering an effective hadron-nucleon cross section
Im A XN ≈ 17 mb reproduces the measured shadowing in the nuclear structure functions [19] . Furthermore one finds, that in the kinematic domain of current fixed target experiments, the function C(Q 2 , x) depends only weakly on Q 2 and x [24, 26] , while the factor 1/Q 2 ensures scaling of deep-inelastic structure functions as can be seen from Eqs.(40,41).
Replacing the amplitudes (6) by the effective ones of Eq.(39) yields for the nucleon structure functions:
The deuteron structure functions (8) are expressed in a similar way in terms of effective hadron-deuteron amplitudes:
The next step is to express the deuteron amplitudes A Xd in terms of nucleon amplitudes.
For the double scattering contributions the corresponding relations are identical to those of Eq. (24), if one substitutes the diffractive amplitudes T N X by A XN . Using Eqs. (40) we obtain:
with λ ≈ 1/2Mx. In Eqs.(42a,42c) the spin and isospin combinations (27) turn out to be proportional to the product of the proton and neutron spin structure functions g 1 . In the kinematic range of current fixed target experiments they amount to less than 5% of the dominant contribution to δF 1 and b 1 , the one is proportional to the square of the unpolarized nucleon structure function F N 1 . As a consequence the standard expression for shadowing (28) and Eq.(34) for b 1 at small x seem to be good approximations.
Comparing shadowing for unpolarized and polarized structure functions in Eqs.(42) gives:
Using the Paris nucleon-nucleon potential [27] one finds R g 1 = 2.7, while the Bonn oneboson-exchange potential [28] leads to R g 1 = 2.4 at small x. In Fig.5 we present the ratio Fig.4 [6] . One should note that as x decreases the data for the shadowing ratio F Fig.5 correspond, strictly speaking, to the fixed target kinematics of E665 [6] which is not far from the kinematics of SMC [1] . From Eq.(36) we finally find that the shadowing correction amounts to less than 5% of the experimental error on g n 1 for the SMC [1] and E143 [3] data analysis. 
Using the Paris nucleon-nucleon potential [27] we find R b 1 = −1.03, while the Bonn oneboson-exchange potential [28] gives [33, 34] . Note that the result shown here corresponds again to the kinematics of E665 [6] .
VI. SUMMARY
We have studied nuclear effects in the polarized deuteron structure functions g d 1 and b 1 at small values of the Bjorken variable, x < 0.1. In this kinematic region the diffractive photoexcitation of hadronic states on a target nucleon and their subsequent interaction with the second nucleon becomes important. To describe these coherent double scattering processes in polarized deep-inelastic scattering we have extended the Glauber-Gribov multiple scattering theory to include spin degrees of freedom. We find that shadowing effects in g In this respect deuterium seems to be a more favorable target than 3 He. Furthermore we observe that b 1 at small x receives large contributions from coherent double scattering. They are entirely due to the D-state component of the deuteron wave function and break the simple quark model sum rule which suggests a vanishing first moment of b 1 . Our main result is that, at x < 0.1, the magnitude of b 1 might reach up to 10% percent of the unpolarized structure function F N 1 .
We then expand the nucleon Dirac spinors in |p|/M and keep the leading terms, e.g. 
we find for the leading non-relativistic term:
where the trace is taken in the 2 × 2 spin-space. We also expand the denominator in Eq.(48) and use in leading non-relativistic order:
Combined with Eq.(54) we obtain:
A [6] . The full line represents a fit to the data used in (43) and (44).
